Abstract Previous studies have reported cognitive deficits among HIV-positive individuals infected with clade C virus. However, no study has examined whether individuals predominately infected with clade C virus exhibit brain atrophy relative to healthy controls. This study examined volumetric differences between 28 HIV+ individuals and 23 HIV− controls from South Africa. Volumetric measures were obtained from six regions of interest -caudate, thalamus, corpus callosum, total cortex, total gray matter, and total white matter. HIV+ participants had significantly lower volumes in the total white matter (p<0.01), thalamus (p<0.01) and total gray matter (inclusive of cortical and subcortical regions, p<0.01). This study is the first to provide evidence of brain atrophy among HIV+ individuals in South Africa, where HIV clade C predominates. Additional research that integrates neuroimaging, comprehensive neuropsychological testing, genetic variance in clade-specific proteins, and the impact of treatment with Antiretrovirals (ARV) are necessary to understand the development of HIV-related neurocognitive disorders in South Africa.
Introduction
HIV-1 has a number of subtypes, or clades, that are regionally distributed. HIV clade B is predominant in the US and Europe and has been extensively studied in terms of associated neurovirulence (for review, see Shapshak et al. 2011 ). In contrast, relatively little is understood regarding the neurovirulence of clade C, the most prevalent genetic variation of HIV worldwide. Early reports of clade C HIV-associated neurocognitive disorders (HAND) have suggested a lower prevalence of cognitive impairment (~2 %; Satishchandra et al. 2000) compared to clade B (~30 %; Lindl et al. 2010) . These observed differences prompted subsequent studies that possible differences in mechanisms exist between clades B and C within the central nervous system (CNS). In 2004, Ranga et al. (2004) reported a defect in the Tat envelope protein that resulted in reduced migrations of infected monocytes into the brain with clade C. A subsequent study using a mouse model (Rao et al. 2008) demonstrated that clade B mice exhibited greater cognitive compromise, elevated frontal astrogliosis, and increased monocyte attraction compared to the clade C mouse. Recent studies have demonstrated that compared to clade B, clade C cultures induce fewer proinflammatory cytokines (Gandhi et al. 2009 ), have reduced neurotoxicity in hippocampal neurons (Samikkannu et al. 2011) , and replicate more slowly in monocytes (Constantino et al. 2011) . Both mouse and in vitro models provide insight into the differences that might exist in the neuropathology of clade B and clade C, respectively. Conversely, studies of neuropsychological function have provided evidence that the prevalence of neurocognitive disorders in clade C is higher than the earliest studies suggest.
A number of studies have assessed cognitive function in clade C using both brief screening tools as well as longer test batteries, but the number of studies are limited and few have been replicated in the same geographical regions. The prevalence of neurocognitive disorders as suggested by brief screening tools such as the International HIV Dementia Scale (IHDS; Sacktor et al. 2005) has been reported to be 35 % in India (Riedel et al. 2006) , 24 % in South Africa (Joska et al. 2010b) . In an Ethiopian study comparing HIV+ individuals and controls (Clifford et al. 2007 ) no differences in test performance were detected. A more comprehensive battery administered in India (Yepthomi et al. 2006) reported that the HIV+ group scored below healthy controls on most neuropsychological measures with approximately 50 % of the HIV+ group meeting criteria for impairment in two cognitive domains. Another study in India (Gupta et al. 2007) showed that approximately 60 % of the HIV+ group demonstrated deficits on a number of the measures, but none of the deficits were severe and there was no notable functional impairment in the cohort. However, in a South African study using a comprehensive neuropsychological battery to assess HAND, 25 % of HIV+ individuals indicated severe impairment (Joska et al. 2009) , and an additional 50 % were classified as having milder forms of neurocognitive impairment. Overall, the studies described above suggest that cognitive impairment is present among HIV+ patients residing in regions dominated by clade C virus; however, the underlying pathophysiological mechanisms responsible for the varying degree of impairment remains unclear.
Neuroimaging provides a non-invasive means for studying the effects of HIV in the brain. An extensive number of studies have used a variety of neuroimaging methods to describe neuropathology associated with clade B HIV (Paul et al. 2002; Tucker et al. 2004 ). Compared to other methods, neuroimaging is free of cultural biases, can be used in conjunction with neuropsychological testing, and can be performed at many institutions throughout the world. To date, no studies have reported structural volumetric neuroimaging outcomes among individuals presumed to be infected with clade C HIV; we addressed this issue in the present study. In addition, the IHDS battery was administered to assess neuropsychological functioning in a group of untreated HIV+ individuals and HIV− controls from Cape Town, South Africa. We hypothesized that the HIV patients would exhibit smaller volumetric measures in select subcortical structures (caudate, thalamus, corpus callosum) in HIV+ individuals compared to HIV− controls. In addition, we expected to find evidence of global atrophy in HIV+ individuals.
Methods

Participants
A total of 28 HIV+ individuals (5 males, 23 females) and 23 HIV− controls (13 males, ten females) were recruited as part of an ongoing study. All participants provided consent to participate in the study as prescribed by the Human Research Ethics Committee at the University of Cape Town. HIV serostatus was documented by enzyme-linked immunosorbent assay (ELISA) and confirmed with Western blot for the HIV+ individuals. All participants were naïve to ARV treatment and had a CD4 count less than 500 cells/μl. Controls and participants were selected from two primary care clinics in the Cape Town area. Controls were recruited based on the same criteria as the HIV+ group, though not infected with HIV. Seronegative family and friends who met criteria for the study were also selected for participation. Individuals were excluded from participation if they had a history of schizophrenia or bipolar disorder, substance abuse or alcoholism as defined by the Mini-International Neuropsychiatric Interview Plus (MINI-Plus), other confounding neurological conditions, head injury with loss of consciousness exceeding 30 min, active substance abuse, clinical evidence of opportunistic CNS infections, or contraindications for magnetic resonance imaging (MRI). The primary language spoken by all the participants is Xhosa. Items on all of the measures were reviewed to determine cultural relevancy in the study population. Instructions were translated from English to Xhosa and back-translated to English to verify accuracy.
Measures
The IHDS was administered as a screening tool to determine HIV-associated dementia (HAD) in the HIV+ cohort (Sacktor et al. 2005) . The IHDS consists of three basic measures of motor speed (Finger Tapping), psychomotor speed (fist-palm-side), and memory (five words with brief recall). Individuals can score up to four points on each task for a total score of 12 points. Scores that are less than 10 are indicative of HAD.
Blood was drawn from each of the participants to determine CD4 nadir and viral load (VL). All patients completed a universal drug screen to determine current use of opiates, amphetamines, marijuana, and benzodiazepines at the time of the neuropsychological testing. Persons who tested positive on the screen were excluded.
Neuroimaging acquisition and processing
Imaging was performed on a Siemens 3 T Magnetom Allegra head-only scanner equipped with a four-channel phased array head coil (Siemens AG, Erlangen, Germany). Structural images were acquired using a T1-weighted three dimensional magnetization-prepared rapid acquisition gradient echo (MPRAGE) sequence (Time of repetition (TR)/ inversion time (TI)/echo time (TE)02,400/1,000/2.38 ms, flip angle08°, and voxel size01×1×1 mm 3 ). Images were subsequently converted to a format appropriate for use in the Freesurfer image analysis suite (.mgz, v 4.5 Martinos Center, Harvard University, Boston, MA). Specific methods have been previously described (Fischl et al. 2002) . Preliminary MRI processing was done using the most recent N4ITK intensity correction software to decrease MR bias (Tustison et al. 2010) . In short, Freesurfer processing included extraction of non-brain tissue, normalization of voxel intensity as a result of MR bias, transformation of each brain to Talairach space, and segmentation of the subcortical white matter and deep gray matter volumetric structures (Fischl et al. 2002 (Fischl et al. , 2004 ) using voxel identity probabilities. Proper segmentation was reviewed independently by two trained reviewers in order to ensure proper classification of structures. Six regions of interest (ROIs) were chosen for statistical analyses and included the Total Cortex, Total Gray Matter, Total White matter, Corpus Callosum, Thalamus, and Caudate (see Fig. 1 ). These regions were chosen as HIV has been shown to affect both subcortical and cortical areas (Thompson et al. 2005) . In all cases, the sum of the structures from the R and L hemispheres were used for analyses. Volumes for each of these ROIs were normalized using intracranial volume to correct for possible differences in head size (Zatz and Jernigan 1983) .
Statistical analysis
All variables were plotted to ensure a normal distribution. Independent means t-tests (two-tailed) were completed to assess for group differences in demographic variables such as age, education, IHDS scores. Separate ANOVAs were used to assess group volumetric differences for each of the six brain regions chosen for analysis. Bonferroni corrections were applied to correct for multiple comparisons. Pearson's correlation coefficients were used to determine correlations between the volumetric measures, age, education, IHDS scores, gender, and clinical markers of HIV such as nadir CD4 cell count, and plasma HIV VL.
Results
Preliminary analyses revealed that the two groups differed significantly on age, education, gender, and IHDS scores (see Table 1 ). While both groups were on average within the same young adult age band (<40), the HIV+ group was significantly older than the HIV− control subjects (p<0.01). Correlational analyses were conducted to determine whether age correlated with any of the primary neuroimaging variables. Results from these analyses revealed significant small correlations between age and cortex volume (r00.33, p<0.05) as well as total gray matter volume (r 00.31, p <0.05). Education was significantly correlated to callosal volumes Fig. 1 A 3D representation of the subcortical segmentations obtained from freesurefer. Red is the segmentation of the corpus callosum; blue represents the caudate, and green represents the thalamus Fig. 2 ). However, no significant differences were observed between the groups in the caudate, corpus callosum, or total cortex. Because the HIV+ group was predominantly female and the control group had a number of males, we completed additional analysis comparing the HIV+ females to the HIV− control females to confirm that observed results shown were not attributable to gender differences associated with brain volume. Using analysis of covariance (ANCOVA) in the three significantly different ROIs from the previous analysis and using age as a co-variate two of the three regions remained significantly different between the HIV+ and HIV− female groups. Total gray matter volume was significantly lower in the HIV+ female only group (F010.856, p<0.01) as were the thalamus volumes (F013.2, p<0.01). A trend was seen in total white matter volume (F03.746, p00.06), the HIV+ group having lower volumes in this area compared to the HIV− control group Changes in brain volume occurred regardless of degree of cognitive impairment or clinical laboratory values An ANCOVA was performed to determine the effects of HIV status on IHDS performance using education as a covariate. The effect of HIV status, after controlling for education, was not significant (F (1, 35) 03.584, p00.07). Performance on the IHDS did not correlate significantly with any of the volumetric measures. In addition, reductions with select regions did not correlate with typical clinical laboratory markers (i.e., current CD4 cell count, nadir CD cell count, and VL). Nadir CD4 was moderately correlated with total cortex volume (r00.43, p<0.05) and VL was inversely correlated with total caudate volume (r0−0.46, p<0.05).
Conclusions
In summary, this is the first study to provide evidence that there is a significant amount of cortical and subcortical atrophy in South Africa, where clade C HIV predominates. Lower volumes were observed in the total gray matter, thalamus, and total white matter. There were no significant a. c.
p<0.01* p<0.01* Fig. 2 Boxplots of the volumes for each group with significant group differences noted. The dark lines in the boxes represent the mean values for the volumes of the groups (HIV+ and controls) in each region: a total thalamus (p<0.01), b total gray matter (p<0.01), c total white matter (p<0.01) differences detected in the caudate, corpus callosum, or total cortex as anticipated. Previous volumetric studies in clade B HIV+ individuals (Elovaara et al. 1990; Kieburtz et al. 1996; Patel et al. 2002; Ances et al. 2012 ) also reported cortical atrophy, general gray matter atrophy, atrophy in the basal ganglia -most notably the caudate, and white matter changes. The lack of significant atrophy in the caudate or white matter in this study may indicate that clade C HIV affects different brain regions compared to clade B. It should be noted, however, that the volumes of all ROIs sampled were lower in the HIV+ group suggesting that these areas may also be vulnerable. While this study did not find evidence of atrophy in white matter, a recent study published by members of this group did see evidence of white matter abnormalities within specific tracts in HIV+ individuals compared to HIV− controls in South Africa using diffusion tensor imaging (Hoare et al. 2011) .
The HIV+ group scored significantly lower than controls on the IHDS, which is in keeping with previous studies demonstrating impaired cognitive function in this South African region (Joska et al. 2010b) ; however, the scores were not significantly different between the two groups. Not all of the control subjects complete the IHDS for this study, so the results are not representative of the complete sample. Performance on the IHDS did not correlate with any of the volumes analyzed, which may be in part due to a limited range of scores on the measure. The IHDS was the only neuropsychological measure available for this study. As mentioned previously the measure may lack the sensitivity needed to identify more subtle forms of cognitive impairment or provide information about the relationship between cognitive status and neuroimaging biomarkers. The use of more comprehensive neuropsychological testing may provide additional insight into the relationship between structural changes and performance in the South African region.
The HIV+ cohort was naïve to ART, and many of them had low CD4 counts and high VLs. Since they were untreated at the time of testing the CD4 counts obtained were recorded as the nadir value. Early studies in clade B HIV infection demonstrated volume loss in patients with low CD4 values before treatment (for review, see Thurnher and Donovan Post 2008) . Although the tissues are unlikely to increase or recover volume after treatment it is possible that access to treatment in South Africa will improve cognitive function as has been shown in studies implemented in various regions across the globe (see Joska et al. 2010a; Liner et al. 2010; Ances et al. 2012) .
This study had limitations since we did not have confirmed clade sequencing for all of the participants. It is possible that some of the individuals in the HIV positive group were of a different clade (A, B, or recombinant); however, it has been estimated that the percentage of people who are infected with clade C HIV in this area is between 89 % and 95 % (Jacobs et al. 2008 (Jacobs et al. , 2009 . Individuals in previous studies from this area with non-clade C HIV infection were less likely to be native to the region. We did not have information about other infections often co-morbid with HIV, such as hepatitis C; however, the prevalence of hepatitis C in the region is less than 2 % (Amin et al. 2004) . Additionally, our sample is relatively small, with fewer controls than HIV+ individuals. Despite the small sample, we were able to detect significant differences between the groups indicating a strong effect of HIV on the volumetric measures.
The use of volumetric measures, DTI, and other neuroimaging methods provide an in vivo depiction of the effects of the virus; however, they are not capable of providing detailed information about mechanisms of disease available through in vitro methods and mouse models. A number of the in vitro studies indicate Clade C is less neurovirulent primarily due to the Tat defect (Constantino et al. 2011; Gandhi et al. 2009; Ranga et al. 2004; Rao et al. 2008; Samikkannu et al. 2011) . While the data from this study do not confer specific information about the magnitude of neurovirulence our results do provide evidence that clade C HIV has a deleterious influence on the CNS. Studies using a larger sample are necessary to confirm the results of this study. Furthermore, future research is needed to determine the association between the Tat defect, neuroimaging indices, and HAND. It is unlikely that Tat is independently responsible for neurocognitive impairment in HIV; moreover, it is possible that the Tat defect may not be completely conserved in the clade C population (Engelbrecht, unpublished data). Other factors that may contribute to clade C neurovirulence (e.g., gp120, CSF markers, inflammatory processes, genetic variance of HIV), will need to be investigated in order to develop a better understanding of the mechanisms leading to brain atrophy and cognitive impairment in clade C HIV. Until a more complete model is defined, results from neuropsychological studies, and the current neuroimaging study suggest that individuals likely infected with clade C exhibit significant impact on the brain.
